NK and T cells have several traits in common that suggest a common developmental origin. They share cytotoxic activity and some surface antigens. NK cells are generated from immature thymocyte under appropriate in vitro and in vivo condition^.^.^ It has also been reported that functional NK cells isolated from the human fetal liver or spleen possess cytoplasmic CD3.'0"2 However, NK cells appear to be thymus-independent; they arise in athymic mice'? and are present in severe combined immunodeficient (SCID) and human SCID patients.I6 It has also been proposed that NK cells are ontogenetically related to the myeloid or the monocytic lineage.14."
The clarification of the lineage relationship of NK cells with other hematopoietic cells requires an appropriate culture system of NK cells from hematopoietic BM stem cells to be established. We and others have reported that NK cells can differentiate from BM cells in a culture medium containing interleukin-2 (IL-2).'*-'' Recently, we have shown that an IL-2-responsive NK progenitor existed among BM cells depleted of mature T and NK cells." The phenotype of these NK progenitor cells was defined as being CD34-, CD33-, and CD25+. In addition, we found that production of func- tional NK cells from CD34' hematopoietic progenitor cells (HPC) was not caused by the action of IL-2 alone" but required the presence of stromal cells (Shibuya et al, unpub- lished data and Miller et a124.2s). It was also been reported that NK cells could be generated from rat BM NK progenitors only when stroma was present in the culture system." Thus, the interaction of CD34+ HPC with stromal cells appears to be critical at least in the early stages of NK cell differentiation. However, the culture system of NK cells with stromal cells is too complex to analyze the mechanism of NK cell differentiation, because a number of factors capable of stimulating CD34' HPC both directly and indirectly could be produced by stromal cells. Therefore, a well-defined in vitro culture system of NK cells without stromal cells should first be established.
In the present report, we describe an in vitro culture system generating NK cells at a high frequency from fluorescence-activated cell sorter (FACS)-purified CD34' HPC. We show that IL-3, stem cell factor (SCF), and IL-2 play sequential and important roles in the early differentiation of NK cells from their BM precursors.
MATERIALS AND METHODS
Preparation o f BM cells and cell sorting. BM was aspirated from the sternum of healthy volunteers after informed consent was obtained; 4 mL was diluted quickly in IS mL of Hank's Balanced Salt Solution (HBSS) containing heparin. BM mononuclear cells (MNC) were then separated by Ficoll-Hypaque centrifugation and were suspended in RPM1 1640 medium with 5% fetal calf serum (FCS; GIBCO, Grand Island, NY). BM MNC were incubated simultaneously with allophycocyanin (APC)-conjugated CD34 (4A I >': IgG), phycoerythrin (PE)-conjugated CD3 (Leu4; IgGI; Becton Dickinson, San Jose, CA), CD16 (Leu1 IC; IgGl; Becton Dickinson), and CD56 (NKH-I; IgG1; Coulter Clone, Hialeah, FL), and either fluorescein isothiocyanate (FITC)-conjugated CD33 (My9; IgG2b; Coulter Clone) or purified anti-c-kit antibody (IgM; Immunotech. Marseille, France) for 30 minutes at 4"C, followed by two washings. For staining with the anti-c-kit antibody, cells were then treated with FITC-conjugated rat antimouse monoclonal IgM (Zymed, San Francisco, CA). After 10 minutes of incubation, cells were washed twice and resuspended in phosphate-buffered saline (PBS) containing 3% FCS and S pg/mL 7-amino-actinomycin D (7AAMD forward scatter, side scatter channels, and 7AAMD staining at the time of cell sorting. For investigation of CD7 expression on CD34'Lin-cells, BM MNC were stained with FITC-conjugated CD7 (Leu9; Becton Dickinson), APC-conjugated CD34, and PEconjugated lineage antigen markers (CD3, CD16, and CD56) with or without PE-conjugated CD33 (My9).
Crtlrure and immunofluorescence analysis of sorted cells. Aliquots of 200 mL of the complete medium'R''"~'3 containing 50 ng/ mL recombinant human SCF (Kirin Brewery CO Ltd, Maebashi, Japan), 500 UlmL recombinant human IL-2 (Shionogi Pharmaceutical, Osaka, Japan), and/or 100 UlmL recombinant human IL-3 (Genzyme, Cambridge, MA) were placed in round-bottomed 96-well microplates. Five hundred sorted cells from each fraction were plated to each well and were cultured for 28 days. The medium was replaced with fresh medium with or without an identical dose of SCF, IL-2, and/or IL-3 on days 7, 14, and 21. In some experiments, the following cytokines were used: IL-l (200 UlmL; Sigma, St Louis, MO), IL-4 (500 UlmL; Sigma), IL-6 (100 UlmL; Chugai Pharmaceutical, Tokyo, Japan), IL-7 (200 UlmL; Sigma). IL-12 ( 1 0 0 UlmL; Genetic Institute, Cambridge, MA), interferon-y (500 UlmL: Sumitorno Pharmaceutical, Osaka, Japan), erythropoietin ( I O UlmL; Chugai Pharmaceutical), granulocyte-macrophage colony-stimulating factor (GM-CSF; IO nglmL; Shering-Plough. Osaka, Japan), and granulocyte-CSF (G-CSF; IO ng/mL; Chugai Pharmaceutical).
Two-color immunofluorescence analysis of FITC-conjugated CD3 and PE-conjugated CD56 on the sorted cells during culture was
For personal use only. on October 27, 2017. by guest www.bloodjournal.org From performed with a FACStarPLUS. The NK (CD3-CD56') cell count was determined as the total viable cell count per well multiplied by the percentage of CD3-CD56' cells X 1/1OO.
NK activity. After culture, the sorted cells were suspended in RPM1 1640 supplemented with 5% FCS. Cytotoxic activity against K562 was assessed as described
In brief, K562 target cells were labeled with 50 pCi of "Cr for 2 hours at 37°C and then washed extensively before use. Target cells (S X IO' ) suspended in 10 pL of medium and effector cells suspended in 0.1 mL of medium were plated in microtiter wells at several effector/ target ratios (20:1, lO:l, 5: 1, 2.5:l). After 4 hours of incubation at 3 7 T , the supernatant was harvested using the Titerteck system (Flow Laboratories, Irvine, CA) and its radioactivity was measured with a gamma counter (Gamma 5500; Beckmann Instruments Inc, Irvine, CA). Cytotoxicity was determined from the amount of 51Cr released by the lysed target cells. Triplicate determinations were made and "Cr release was calculated as: 100 X ([cpm in experimental wells] -[cpm in wells with target cells alone])/(cpm incorporated into target cells). One lytic unit (LU) was defined as the NK activity that caused 15% "Cr release from S X IO3 target cells, and the LU per 10' cells was determined for each sample from a regression curve of the percent cytolysis. NK activity per well was calculated as LU per 1O'cells X (1/10') X total viable cell count/well. The assay of NK activity was performed 14.21, and 28 days after starting culture of sorted cells.
Limiting dilution analysis. Two-hundred microliter aliquots of the complete medium containing SO ng/mL SCF and SO0 U/mL IL-2 were placed in round-bottomed 96-we[[ microplates. For limiting dilution analysis, 500, 300, 150, and 75 cells from each fraction were directly sorted into 12 microtiter wells, respectively, using FACStarPLUS and Automated Cell Deposition Unit. Twenty four microwells containing the complete medium with SCF and IL-2 were prepared as controls. On culture day 28, "Cr-labeled K562 target cells (S X lo3) were added to each well. After 4 hours of incubation, supernatants were harvested. NK activity in each well was measured and the frequency of cytolytic progenitors was calculated, as described p r e v i o~s l y . '~~~~ Otherwise, cells were harvested on culture day 28 and stained with FITC-conjugated CD3 and PE-conjugated CD56. Wells were determined positive for NK cells if greater than 0.1 % of CD3-CD56' cells were observed and the frequency of NK progenitors were calculated in the same way.
Morphologic analysis. The sorted cells (0.5 to l X 10' in 200 pLof medium) and cultured cells ( O S to 1 X IO') were centrifuged onto microscope slides for 3 minutes at 800 rpm, using an automatic cytospinner (Autosmear CF12D; Sakura Fine Technical, Tokyo, Japan). The slides were rapidly air-dried and then stained using Wright's stain (Muto Pure Chemicals, Tokyo, Japan).
RESULTS

Generation of NK cells from CD34' HPC in the presence
of SCF and IL-2. SCF is a cytokine produced from stromal cells that binds to the plasma membrane receptor known as c-kit on HPC.28"' Therefore, we have investigated whether SCF could at least partially substitute to stromal cells in stimulating CD34' HPC to differentiate into NK cells. CD34' cells devoid of the T-and NK-cell lineage markers CD3, CD16, and CD56 (Lin-) were FACS-purified from normal BM (Fig IAa) and cultured for 28 days in a medium supplemented with IL-2 and SCF, but without stromal cells. Lineage marker analysis showed the presence of CD3-CD56' cells and a majority of these cells were also CD16- (Fig 2A) . Other NK markers such as CD2 and CD8 were coexpressed with CD56 on one half and one third of the cell population, respectively. The phenotype of the cultured NK cells was consistent with that of NK cells generated in vitro from IL-2-responsive NK progenitors CD34-CD33-CD25'Lin-cells." The number of NK cells increased in a dose-dependent manner in response to added SCF (Fig 2B) . Morphologic examination of the cells showed that most appeared to be large granular lymphocytes (LGL) admixed with other cell types, including granulocytes. macrophages, and mast cells (not shown).
Generation of NK cells ,from CD34'CD33' HPC in the presence of SCF and IL-2. To define early differentiation events in the pathway leading to NK cells from HPC, CD34' cells were subfractionated by FACS on the basis of the expression of CD33. The percentages of CD34TD33"Lin cells and CD34TD33'Lin-cells were 0.5% t 0.3% and 0.7% t 0.4% in BM MNC, respectively. However, CD34' CD33-Lin-and CD34TD33'Lin-cells were sorted from the strict windows of CD33-negative 30% (corresponding to 0.3% t 0.2% of BM MNC) and CD33-brightest 50% (0.4% t 0.2%), respectively (Fig 1Ab and Ac) . Morphologically, the CD34TD33-Lin-cells were small to medium-sized lymphoblastoid cells with basophilic cytoplasm (Fig 1 C) . By contrast, most CD34'CD33'Lin-cells appeared larger in size and had fine cytoplasmic granules (Fig 1D) . These observations were consistent with the idea that CD34' CD33-Lin-cells are less differentiated than CD34'CD33' Lin-cells." CD34'CD33'Lincells divided faster than CD34TD33-Lin-cells when cultured in the presence of SCF and IL-2 ( Fig 3A) . As shown in Fig 3B, CD3 "CD16 CD56' NK cells appeared in the cultures of CD34'CD33' Lin-cells but were barely detectable in cultures of CD34' CD33-Lin.~ cells. In addition, the cells generated from CD34TD33'Lin-cells had cytolytic activity against K562 cells (Fig 3C) , indicating that CD3-CD16-CD56' cells cultured from CD34+Lin-cells were functional NK cells. Limiting dilution analysis showed that the frequency of NK progenitors was 1/275 (95% confidence range, 11295 to 1/237) among CD34TD33'Lin-cells, whereas the CD34'CD33 Lin-fraction did not contain measurable numbers of NK progenitors under the present culture conditions (Fig 3D) .
We also studied CD7 expression, which was recently reported to be an important antigen marker for NK progenitor," on CD34'Lin-cells. Three-color analysis showed that CD7 was expressed on 1.8% t 0.7% (n = 3) of CD34'Lin cells (0.023% f 0.009% of BM MNC). When CD33, in addition to lineage antigens, was excluded from CD34' cells (ie, CD34'CD33-Lin-..), CD7 was detected on 1.9% t 0.5% (n = 3) of these cells (0.012% 2 0.004% of BM MNC). No significant difference in CD7 expression intensity was observed between CD34'Lin-cells and CD34'CD33-Lincells.
Generation of NK cells from CD34'CD33-HPC in the presence of IL-3, SCF, and IL-2. To determine whether another cytokine(s) responsive to HPC in addition to SCF and IL-2 could be required for the generation of NK cells from the less differentiated CD34TD33-Lin-cells. we added various cytokines, including IL-l, IL-3, IL-4, IL-6, IL-7, IL-12, GM-CSF, G-CSF, interferon-y, or erythropoietin, to in vitro grown CD34'CD33-Lin-cells. Of these cyto- kines, only IL-3 in combination with SCF and IL-2 induced the differentiation of CD34'CD3TLin-cells into putative N K CD3-CD56' cells after 28 days of culture (Fig 4A and  Table I ). Morphologic analysis of the cultured cells in the presence of IL-3 in combination with SCF and IL-2 showed a small number of lymphoid cells (< 1%) as well as nonlymphoid cells (macrophage, 39%: granulocyte, 40%; mast cell, 20%). To confirm the generation of NK cells under the culture condition, cells were sorted from CD3-CD56' cell fraction after the culture and analyzed in the morphology, showing large granular lymphocytes (Fig 49) . Although the percentage of CD3 CD%' cells from these cultures was not high enough IO show functional NK activity, these phenotypic and morphological observations clearly indicated that at least a subset of NK cells was generated from CD34'CDWLin-cells when the three lymphokines SCF, IL-2. and IL-3 are present.
Although N K cells were obviously generated as described above. functional limiting dilution assays could not show the frequency of NK progenitors because of low sensitivity to NK activity in each well generated from 500 cells. Because it was difficult to plate more than 500 sorted cells in each well, we developed a limiting dilution analysis using FACS. As can be seen in Fig 4C, a straight (Table 2) . However, NK cells were generated from CD34TD33'Lin-cells when both SCF and IL-2 were present. However, the presence of the two lymphokines is not necessary during the entire length of cell culture. NK cells were generated if SCF was present during the first 7 days of culture and could never be generFor personal use only. on October 27, 2017. by guest www.bloodjournal.org From ated without SCF during this period. Furthermore, the presence of IL-2 was not necessary during these first 7 days but was compulsory later on. These results indicated that supplement of cultures with SCF for the first 7 days followed by IL-2 for the next 21 days appeared to be essential for production of NK cells. Likewise, NK cells were also observed after CD34TD33-Lin-cells were cultured in the presence of SCF and IL-3 for the first 7 days followed by IL-2 for the next 21 days ( Table 2 ), suggesting that SCF and IL-3 caused CD34TD33-Lin-HPC to become responsive to IL-2. However, NK cells were never detected without SCF even when cells were grown in the presence of IL-2 and IL-3. These results strongly suggest that SCF is essential for differentiation of CD34' HPC into IL-2-responsive NK progenitors.
Additional evidence in support of the role of SCF in the early stages of differentiation of NK cells from CD34+Lin-cells, came from the analysis of the expression of the c-kit, the cell membrane receptor for SCF?8-3' Cells were sorted from each fraction (Fig 1Ba through c) and cultured in SCF plus IL-2. Colony-forming units ( C m ) responsive to SCF were found predominantly in the c-kit weakly positive (ckit') fraction as compared with c-kit strongly positive (ckit") fraction.35 This finding correlated with the observation that NK cells arose only from the c-kit'CD34'Lin" cell fraction (Table 2) . These results represent a further indication that SCF, in cooperation with IL-2, is necessary for differentiation of NK cells from CD34' HPC.
DISCUSSION
We report here that NK cells could be generated from CD34' HPC, in the absence of stromal cells in an in vitro culture system supplemented with IL-3 andor SCF in combination with IL-2. NK cells could never be detected after long-term culture from both CD34+CD33+Lin-cells and CD34TD33-Lin-cells in a culture medium supplemented with IL-2 alone even at a high concentration (500 U/mL). This result, which is in agreement with conclusions reached
A B
Responder Cells per Well by treatment with anti-CD.?, anti-CDS6, and anti-CD16 monoclonal antibodies and complement. Indeed, the majority of the cultured NK cells display a CD16-CDS6' phenotype, a subset of NK cells that constitutively expresses the highaffinity IL-2 receptors" and proliferates in response to low concentrations of IL-2.3x The absence of production of N K cells after long-term culture of the HPC in the presence of IL-2 alone in our study is strongly indicative of the complete elimination of mature N K cells from FACS-sorted cell fractions.
The frequency of NK progenitors in CD34'CD33'Lincells determined by functional limiting dilution analysis under our stroma-independent culture condition was 1/275. A recent report by Miller et a1' 5 showed that CD34TD7'Lincell population exhibited high cloning efficiency of NK progenitors (3.2%) under a stroma-dependent long-term culture condition. CD34'CD7'Lin-cells and CD34-CD7'CDK Lin-cells were detected in our study at 0.023% and 0.012% of BM MNC, respectively. Therefore, the percentage of CD34'CD7'CD33'Lin-cells in BM MNC was calculated to be 0.01 l%, indicating that CD34'CD7+Lin-cell population consisted of CD33' and CD33-cells. The present study showed that CD34'CD33-Lin-cells could be distinguished from CD34TD33'Lin-cells by minimal cytokine requirement for NK cell differentiation. suggesting that CD34'
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CD7+Lin-cells were still heterogeneous in the stage of NK cell development. Further studies are required to clarify the characteristics of CD34+CD7+CD33-or CD33+ cells as NK cell progenitors.
SCF plays an essential role in the biology of CD3-CD16-CD56+ NK cells. NK cells displaying this phenotype are in vivo found as a subset of peripheral NK cells.39 Recently, it was reported that CD3-CD16-CD56' NK cells express the c-kit antigen and proliferate synergistically in response to SCF and IL-2. 40 We report here that the lymphokine is necessary for the differentiation of CD34+ HPC into NK cells. Thus, SCF is likely to play a primary role in the differentiation and proliferation of broad spectrum of NK cells, including the differentiation of very early NK progenitors to peripheral CD16-CD56* NK cells.
However, although SCF plays a central role in the early stages of differentiation of NK cells from CD34+HPC, SCF is not sufficient alone to allow the differentiation of the CD34TD33-Lin-subset to engage into the NK cell differentiation pathway. IL-3 is required for it, although it is obscure whether IL-3 has a direct effect on CD34+CD33-Lin-NK progenitors. Addition of IL-3 to SCF and IL-2 remarkably increased total cell number ( Table l ) , most of which consisted of macrophages, granulocytes, and mast cells. It is possible that IL-3 interacts indirectly with CD34+ CD33-Lin-NK progenitors through a cytokine(s) produced from these nonlymphoid cells. However, the similar nonlymphoid cell components were observed after culture with GM-CSF in addition to SCF and IL-2, where NK cell was never generated (Table 1) . Therefore, it is unlikely that a cytokine(s) produced from the nonlymphoid cells induces CD34'CD33-Lin-NK progenitor into NK cell pathway, unless IL-3 and GM-CSF each stimulate the nonlymphoid cells to produce a different cytokine(s).
Based on these findings, we propose the model for NK cell differentiation shown in Fig 5 . HPC with the CD34TD33-Lin-phenotype differentiate along the NKcell pathway into CD34TD33'Lin-cells in the presence of IL-3. At this early stage, SCF is required for NK progenitors to become responsive to IL-2. Subsequently, IL-2-re- For personal use only. on October 27, 2017. by guest www.bloodjournal.org From sponsive NK progenitors cease to express the CD34 and CD33 antigenz3 and then differentiate into NK cells.
Although this succession of differentiation events appears likely, the relationships between NK and other hematolymphoid progenitors remain unclear. It has been reported that functional NK cells isolated from the human fetal liver or spleen have cytoplasmic CD3.""* In addition, it has also been reported that triple negative fetal thymocyte can differentiate along the NK-cell pathway in the presence of IL-2,5-9 suggesting that NK and T cells may arise from a common progenitor. In the present study of adult BM, NK cells were derived from CD34+CD33+Lin-cells among which large numbers of Cm-GM are pre~ent.~'.~' The results may suggest that adult human NK cells are closely related to the myeloid lineage. However, because of the low frequency of NK progenitors in CD34+CD33+Lin-cells, it is still possible that CD34+CD33+Lin-compartment includes separate progenitors for myeloid and NK cells. Actually, CD33 antigen is not always specific for myeloid lir~eage.~.~' Introduction of a clonal assay system such as retroviral marking in this culture system will solve this issue.
